The laser surface remelting (LSR) treatment was performed to Al-2.0 wt% Fe alloy with a 2 kW Yb-fiber laser (IPG YLR-2000S). The substrate and laser-treated material characterization were executed using different techniques. Among them, the microstructure was analyzed by optical microscope, SEM, low-angle X-ray diffraction (LAXRD) and the corrosion test was made in aerated solution of 0.1 M H 2 SO 4 at a temperature of 25˚C ± 0.5˚C. As result was shown, the micrograph of LSR-treated material displaying can be a fine cellular structure and the existence of certain nanoporosities and a similar to a nano-dendritic growth was observed too. The characteristic of melted zone was constituted of metastable phases according to the result of x-rays and the behavior corrosion as a result of the LSR-treated sample, which it was shown to be more resistant to corrosion than the untreated sample. A comparative study was carried out of the cyclic polarization of the laser-treated and untreated samples, demonstrating that the reduction and oxidation reverse peaks were not observed and being the cyclic polarization behavior was of irreversible character in both samples, however, the LSR-treated sample propitious the passivity on the surface also reduced the corrosion phenomena. Wherefore, this type of laser-treated alloy can be applied in the aerospace, aeronautic and automobilist industries.
Introduction
The aluminum oxide or alumina has important properties, because the alumina is produced during the laser surface remelting (LSR) treatment, and this technique does not suit within the traditional techniques. It is a modern technique that is being used recently, therefore it is important to focus on this work. As well, the authors Nakajima et al. [1] studied the formation behavior of the anodic alumina nanofibers via constant voltage pyrophosphoric acid anodizing. They have discussed extensively on aluminum oxide films fabricated via anodizing in various electrolyte solutions. Furthermore, they affirm that this technique has been widely investigated in various applied sciences and technologies due to their characteristic nanomorphologies and chemical/physical properties. In general, anodic aluminum oxide can be classified into two different types, as follows: barrier and porous oxides. Barrier oxides have been widely used for electrolytic capacitor applications due to their high dielectric property. Anodic porous alumina has been widely used for various nanoapplications, such as optical devices and nanotemplates.
The laser surface treatment of metals is a process where a small surface volume of materials is melted instantly by a laser beam and cooled rapidly, thereby producing very fine microstructure with an improved wear and corrosion resistance. Laser surface melting (LSM) was reported by authors Lee et al. [2] to improve the corrosion resistance of Zircaloy-4 in acid solution.
In this study, the microstructural and corrosion resistance analysis of the hypereutectic Al-2.0 wt% Fe alloy LSR-treated was performed and this was the aim of this research, where the substrate and laser-treated material were characterized using different techniques. Among them, the microstructure was analyzed by optical microscope, SEM, low-angle X-ray diffraction (LAXRD) analysis and the corrosion test was performed in aerated solution of 0.1 M H 2 SO 4 at a temperature of 25˚C ± 0.5˚C. In the electrochemical study, the following tests were carried out: open circuit potential, the polarization resistance, the corrosion current, determination of the corrosion rate and finally cyclical polarization for the untreated and laser-treated samples. The importance of this research is due that this LSR-treated alloy presented metastable phases, which between them, what are of greater importance are alumina and nitrite, the presence of a fine cellular structure and the existence of certain nano-porosities, a high corrosion resistance and a large plateau of passive zone, and therefore this type of laser-treated alloy can be applied in the aerospace, aeronautic and automobilist industries.
Materials and Methods

Experimental Characterization
Material Al-2.0 wt% Fe alloy was prepared with commercially pure raw materials, being that the aluminum has 99.76% purity, containing 1.54 wt% of iron, and other elements with quantities below 50 PPM. The casting assembly used in solidification experiments consists of a water-cooled mold and the heat was extracted only from the bottom, promoting vertical upward directional solidification. This apparatus was used to obtain cylindrical casting, with dimensions of 6 cm diameter and 10 cm length. The preparation of samples for the analysis consisted in sectioning the cylindrical casting into several longitudinal slices, and milling the surfaces to improve parallelism. Each piece was sanded with 1200# SiC sand paper and then sand-blasted was applied to reduce the surface ref-lectivity, thus increasing the laser energy absorption coefficient.
Laser Surface Remelting Treatment Specifications
The laser surface remelting (LSR) treatment was performed with a 2 kW Yb-fiber laser (IPG YLR-2000S) that operates at wavelength of 1.07 μm. The laser beam is coupled to a 160 mm focusing lens (optical head). For this optical system the focused beam diameter was 100 μm. The laser output power was 600 W and the scanning speed was 40 mm•s −1 . For this experiment, the sample was positioned 3 mm above the focus (out of focus), which results in a 600 μm diameter laser beam, which was designed by Riva et al. [3] . Assuming a near Gaussian laser beam profile, the power density was 21.2 × 10 4 W•cm −2 , which were studded by Steen and Mazumde [4] . The average distance between weld fillets was 300 μm. The device operated without shielding gas in order to increase between the metal and the ambient gas which contributes to the formation of a passivation oxide layer on the surface of the substrate.
After the laser processing, different regions were identified on the cross-section of the sample, through the SEM micrographs analysis: laser melted zone (LMZ), the interface between the treated region and the substrate, and unaffected region (substrate), which was studied by Pariona et al. [5] . On the surface of the sample there are two distinct regions: the region on weld fillet and the region between weld fillets, this has been discussed and studied by the authors Pariona et al. [5] [6] .
Characterization Techniques
The substrate and laser-treated material characterization was performed using different techniques. Therefore, the microstructure was analyzed by a Shimadzu SSX-550 scanning electron microscope (SEM) and an Olympus BX-51 optical microscope (OM) with a QColor 3 digital camera for the image capture. The SEDS-500 energy dispersive spectroscopy (EDS) equipment was used for semi-quantitative analysis and it was coupled to SEM. As well, low-angle X-ray diffraction (LAXRD) analysis were recorded at a scan speed of 0.2˚min −1 , using a Lab XRD-6000 diffractometer (minimum detection >1%). The corrosion test was performed in aerated solution of 0.1 M H 2 SO 4 at a temperature of 25˚C ± 0.5˚C. Working electrodes of surface-treated and untreated samples were prepared with epoxy resin to expose a top surface. Corrosion potentials (Ecor) were measured using Autolab PGSTAT 30 potentiostat system connected to a microcomputer. The samples were cut with diamond disk. For the cross-section analysis them were sanded (600 up to 1200 #), then polished with diamond paste (1 μm) and colloidal silica. The chemical attack with 0.5% HF was also made on these samples for analysis microscopic.
Results and Discussions
Study of the Electrochemical Behavior of the Samples
To better understand the corrosion process that occurs of the laser-treated Al-2.0 wt% Fe alloy, firstly a study of the micrographs of samples in both, as much on the surface and as well as on the cross-section were executed, the details of the changes that suffers when was subjected to RSL-treatment sample and whose results will be shown to follow. Soon it will be discussed the influence of micrograph on the result of the electrochemical study. As well, in the electrochemical study, the following tests were carried out, among them, open circuit potential (OCP), the polarization resistance, the corrosion current (I cor ), determination of the corrosion rate and finally cyclical polarization for untreated and laser-treated samples.
Microstructural Study
In this work, all untreated surface of Al-2.0 wt% Fe alloy was covered with an arrangement of multiple weld fillets, in order to analyze this treatment. Micro-porosity has been observed on the surface of the laser-treated sample and more preferably in the region on the weld fillet. Besides that, the protuberance on this surface was observed, which corresponds to the region on the weld fillet, a similar result of this microstructure was given by authors Sun et al. [7] . Figure 1 shows the cross-section analysis of the specimen, where the three different regions are observed: the melted zone, the interface between the treated region and the substrate, and specifically the substrate.
The first region (Figure 1(a) ) is characterized by a fine cellular structure, as well as, the existences of certain nano-porosities and also in this region the presence of protuberances is observed, which they corresponds to the region between weld fillets. According to the authors Pariona et al. [8] , the presence of the protuberances is more perceptible in Al-1.5 wt% Fe alloy than Al-2.0 wt% Fe alloy. In Figure 1 (a) it's observed, the overlapping lines and being more magnified in Figure 1 (b), these highlighted lines are due to the overlapping of consecutive weld fillets, this phenomenon was also observed by the authors Yan et al. [9] , they have verified, which the melt pools are overlapping one with other.
These overlapping lines are most notorious in Al-2.0 wt% Fe alloy that in Al-1.5 wt% magnification is observed a fine cellular structure with columnar growth, this result is similar to study realized by the authors Olakanmia et al. [10] and Fu et al. [11] .
On the other hand, in the interface between the treated region and the substrate was not observed clearly the feature of the heat affected zone (HAZ), it has been studied by other authors, between them, Bertelly et al. [12] , these authors have affirmed for low Fe concentration does not appear the HAZ. This region was magnified in Figure 1 (e), which shown a structure with growth similar to nano-dendritic, following the direction of the thermal gradient to the substrate region. Specifically the substrate region of Al-2.0 wt% Fe alloy, the micrograph of this region is similar to Al-1.5 wt% Fe alloy, which is constituted by grain boundaries, as such has been studied by the authors Pariona et al. [8] , these authors confirmed the matrix with second-phase particles, which precipi- This region has been magnified as such is shown by SEM in Figure 1 , where it is clearly shown the treated and untreated regions. Moreover, this region was higher magnified as shown in Figure 1(f) , where are observed the alloy matrix (green region) and intermetallic phases (white region) and even with higher magnified can be seen in Figure   1 (g), where it is constituted by the intermetallic Al 3 Fe phase, this results was confirmed by X-ray microanalysis studies (next section).
The characteristic of the melted zone is mainly due to the high cooling rate imposed during RSL-treatment, ASM [13] author asserted, in the low-energy-input laser welding process, it can induce a very high cooling rate (1000 -10,000 ˚C•s −1 ) and laser surface remelting may produce an even higher cooling rate. For this motive, the melted zone can be constituted of metastable phase.
Low-Angle X-Ray Diffraction (LAXRD) Analysis
The phases formed on the surface of LSR-treated and untreated samples were analyzed using LAXRD technique, as described in the Materials and Methods section.
LAXRD analysis revealed the presence of Al 2 O 3 and AlN phases in most of the diffraction peaks of the treated sample (see Figure 2 ). This figure shows the diffraction peaks of the untreated and treated samples. As can be seen, the intensity of the diffraction peaks of the treated sample is higher than the untreated sample, this may be due to the presence of the new phase, among them AlN phase, which is consistent with the findings reported by Bian et al. [14] and Pariona [8] .
In this study, the high energy applied in the laser-treatment, allied to the fact that it was carried out in a suitable environment, for the formation of oxides and nitrides, favored the characteristics of high hardness, wear and corrosion resistance of the samples LSR-treated in acidic or alkaline media, as has also been reported by Patnaik [15] .
In addition to the simple metal phases shown in Figure 2 , intermetallic metastable phases were also identified, such as, AlFe, AlFe 3 and Al 13 Fe 4 . The formation of these phases is important because they determine the roughness, hardness and corrosion behavior of the treated layer. Other authors have also made this type of analysis, among them, Bertelli et al. [12] , Pariona et al. [8] , and Gremaud et al. [16] . Figure 3 shows the current density behavior, after a linear polarization ± 10 mV around of the corrosion potential of Al-2.0 wt% Fe alloys, for LSR-treated and untreated samples, where the red line represents the results for the treated sample, while, the dark color curve is to the substrate without treatment.
Corrosion behavior 3.4.1. The Polarization Resistance of Laser-Treated and Untreated Samples
The micropolarization of ±10 mV around corrosion potential promotes a perturbation in the equilibrium potential, giving the appearance of an anodic and cathodic current in the electrochemical cell circuit. This technique of electric current versus applied potential was conducted to the laser-treated and untreated samples, and the result is shown in Figure 3 . The inverse slope of the line in Figure 3 allows to determine the polarization resistance of the system, that is associated with the charge transfer processes in the interface metal/oxide/electrolyte solution. Therefore, the laser-treated microstructure characteristic definitely influences the polarization resistance (Rp) in relation to untreated substrate. The inverse of the slope of Figure 3 allowed determined the Rp for both types electrodes, according to the analysis, one can see that the line corresponding to the substrate has a slope greater than the laser-treated sample, ie, at the substrate can be perceived that the current density suffers a greater variation, consequently generates a lower R p for the substrate. The data obtained confirm this fact, for the laser-treated sample was determined, the R P equal a 22.1 K ohms, however, for the substrate was 2.08 K ohms, which means an increase of about 11 times R p for the lasertreated sample relative to the untreated sample, this result showed that the metal/solution interface has different behavior and consequently the polarization resistance has direct impact on the corrosion rates of these surfaces in sulfuric acid. Second Li et al. [17] , the highest polarization resistance of the treated sample is related to the greater difficulty of charge transfer at the interface between the electrode and the electrolyte solution, possibly indicating the formation of new phases in the treated surface, implying directly on the corrosion resistance of the material. Also, a similar result for Al-1.5 wt% Fe alloy was widely discussed by the authors Pariona et al. [8] and Peyre et al. [18] discussed a similar result for 316 L steel. Figure 4 shows the open-circuit corrosion potentials of the laser-treated surface of the as-received Al-2.0 wt% Fe sample and of the substrate. The open circuit potential was recorded continuously for 1 h after immersion using a saturated calomel (SC) reference electrode. In Figure 4 it is noted that potential corrosion, which to decrease as a function of time, being more evident for the substrate, around 700 s the substrate reaches stability and after 2000 s the potential tends to increase slightly. However, the LSR-treated sample decreases more slowly when the time increases, and after 2000 s the regrowth is slower still. For longer times can predict and that these potentials can be find.
Corrosion Resistance, Tafel Plots for LSR-Treated and Untreated Alloy
Comparing the two curves (Figure 4) , the corrosion potential of the LSR-treated alloy was increased by up to 8 mV, after 1 h in relation to the untreated material, which can be noticed in this figure. Therefore, the laser-treated alloy became nobler than the untreated one. A similar result to this work was discussed by the authors Khalfaoui et al. [19] . These same authors have also shown, when the laser-treated and untreated samples were exposed in a corrosive solution for 2 h, several corrosion pits were observed in the untreated surface while the laser-treated layer was unaltered. This proves that the sample LSR-treated is more resistant to corrosion than the untreated sample. Also the authors Pariona et al. [8] showed a similar study to this research for Al-1.5 wt% Fe alloy.
The anodic polarization curves are shown in Figure 5 , where a comparison was made between the curves obtained from LSR-treated and untreated alloy, in order to analyses the effects of LSR-treated on the corrosion resistance. Table 1 , where are shown the electrochemical parameters for Al-2.0 wt% Fe alloy for LSR-treated and untreated samples. Where, Ecorr is the open circuit potential, Rp is the polarization resistance, β A and β C anodic and cathodic Tafel constants, and I corr is the corrosion current density. According to the result of Table 1 , the electrochemical parameters that correspond to the material LSR-treated showed better results than the untreated material.
Cyclic Voltammetry Technique
Electrochemical methods make use of measurable electrical properties (current electrical, potential differences, accumulation interfacial charge, among others), from phenomena in which a redox species interacts, physically and/or chemically with other components of the medium, or even with interfaces. Luther et al. [20] pointed out, that the efficiency of cyclic voltammetry technique, result of its feature to provide rapid information on the thermodynamics of redox processes, of the heterogeneous reaction kinetics of electron transfer and on chemical reactions coupled to adsorptive processes.
Yet these same authors argue that, there are two main components, which determine the reactions, which occur in the electrode: diffusional mass transfer of the analytic in solution to the electrode surface, and heterogeneous charge transfer between the analytic and the electrode. In some cases may occur chemical reactions coupled to any of these processes. Yet they affirm, Butler-Volmer equation is the basic equation of the electrochemical kinetics, which expressed these relationships.
A comparative study was carried out of the cyclic polarization to the laser-treated and untreated samples, with the purpose of studying the behavior of these materials in the same electrolyte solution. Figure 6 shows the comparison between the cyclic polarizations curves for the laser-treated and untreated specimens, in aerated solution of
, at 25˚C. The oxidation peaks and the reduction peaks are no observed in both samples in the potential range shown in Figure 6 , demonstrating that where the current density is about 0.2 × 10 −6 A/cm 2 in +0.7 V. This result mean in 0.7 V, the current density which corresponds to the LSR-treated sample is much lower than untreated sample, being around 3 times.
According to this result, the LSR-treated sample showed clearly the passive zone.
However, the LSR-treated sample results in reduction of the current density, and this fact indicates a lower corrosion rate and therefore it takes an improvement in the corrosion resistance, this fact can be verified, otherwise, the corrosion rate according to Table 1 was reduced by 11 times for the LSR-treated sample, compared to the untreated sample. According to the previous discussion, the surface of LSR-treated sample was modify drastically, therefore the electrochemical corrosion behavior in 0.1 mol/L H 2 SO 4 was propitiate the passivity on the surface of LSR-treated sample, reducing so the corrosion phenomena.
Conclusions
According to this study, the following conclusions were made, then:
1) The melted zone is mainly due to high cooling rate imposed during RSL-treatment sample;
2) Therefore, the melted zone was constituted of metastable phases and by LAXRD analysis revealed the presence mainly of Al 2 O 3 and AlN phases;
3) These phases contributed in the microstructural modification, favored the characteristics of high hardness and corrosion resistance of the LSR-treated sample in sulfuric acidic;
4) The polarization resistance has been increased about 11 times for the laser-treated sample relative to the untreated sample, implying directly on the corrosion resistance of the material; 5) In result of the electrochemical study, it was also observed, in ten-fold decrease, the corrosion current after the laser-treatment had occurred; 6) In the technique of cyclic voltammograms, the reduction and (re)oxidation reverse peaks/waves were not observed in both samples in the same potential range and so demonstrating that these reactions are of irreversible character at this condition;
7) The LSR-treated sample showed clearly a wide passive zone. However, the LSRtreated sample results in reduction of the current density, and this fact indicates a lower corrosion rate and therefore it acts in improvement in the corrosion resistance;
8) The electrochemical parameters that correspond to the LSR-treated material showed better results than the untreated material. Therefore, this type of laser-treated alloy can be applied in the aerospace, aeronautic and automobilist industries; 9) To better understand the efficiency of the treated material laser, other studies are being carried out, such as, microhardness, study of the roughness by atomic force technique, electrochemical impedance spectroscopy, Raman spectroscopy and numerical simulation by finite element using the Marangoni phenomenon and optimized by Multigrid technique.
